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INTRODUCTION
The thermal conductivity of solids has been
attributed to a combined effect of the quantized
vibration of the lattice points, called phonons,
and the flow of valence electrons.

In nonconductors

the thermal conductivity is due almost entirely to
phonons, as was shown by Debye^, whereas in metals
XT)

Debye p'.', Vortrage.liber' die.klhetische "llieorie
etc., by 11. Planck et al- , Teubner, Leipzig,
p « t b t 1914.

the conductivity is due mostly to the flow of valence
electrons.
{'2)

After Debye, Peierls^ calculated the

PeTerX sX RTX 2ur '^inet ischen Yheo'rie der Warmeleitung in Kristallen, Ann. Phvs. (Leipzig)
Vol. 3. p p . 1055-1101. (1929).________________ _

lattice conductivity at elevated temperatures using
quantum mechanics and demonstrated that it is pro
portional to 1/T.

There are not enough data avail

able to substantiate any theory but what data there
are seem to indicate a mixed conductivity with tem
perature dependence between l/T and l/T*!"
Thus it is the purpose of this experiment to
extend the data on insulating single ionic crystals
from room temperature up to about 1000 degrees centi
grade, or near the melting point of the material.
The present experimenter was concerned mostly with
putting the apparatus into a better operating con-
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dltion by eliminating small deficiencies in the ap
paratus as it was left by Weisbrod.3, obtaining some
{31

Deisbrod, Harold , Determination of'the ifieSal’
Conductivity of Sodium Chlox*ide at Elevated
Temperatures, Missouri School of Mines unpub*
Masters Thesis (19 54)*_________________________

data, and comparing it with values obtained by previ
ous experimenters*
The experiment ultilizes an absolute steady
state method of measurement.

This method was cho

sen because dynamic methods require elaborate equip
ment and it appears to be more difficult to elimi
nate or account for all errors as was the case with
Clarke and Kingston^ and Beatty^.
(i.)

ConcTarke’, and”K'ingston,.W. S *.T.
ductivity and Diffusivity of Insulating Mate
rials, Australian Journal of Applied Science
pp. 72-18? Mol. 1 June (1950).

(5)

Beatty, K. 0, Jr., et al.» Thermal Conductivity
of Homogeneous Materials, Industrial and Engi
neering Chemistry, pp, 1527*1532 Mol. 12 Aug.
(1950):
_________ ____________________
The information required for calculating the

conductivity of the materiel was obtained by pass
ing a known amount of heat across a specimen of
known size and temperature.
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R E V I E W OF LITERATURE

The study of the thermal conductivity of in
sulators was started in 1883 by Tuckschmidt^ who
{'&) i’uck schmidt,"’FCrm.' Phys. Beihl'.’7 ''VbX, 7 » p .49*3 ,
_____ (1884) .___________________________________
obtained a value for natural halite among others.
His work was followed by Lees^ in 1892 who measured
TTJ

Lees’’,’’'"r
cr7"rM
'On tEa ’^heriaal Conduc tivities of
Crystals and other Bad Conductors, Phil. Trans.
pp. 481-509. (1892).__________________________ _

the conductivity at one temperature for halite.
Eucken^ found values at different temperatures aC’8 )

Euc’k e n '’A*”, A m u Phys. (Leipzig'} WoTT~~32~, pT
18$, (1911).____________________

round and below room temperature.

Later Eucken and

Kuhn^ (1928) found that the conductivity of reasonably
V T T Sucken,'''X. "&"’EuH’
n'j 07, 2 s . f~» phys'. c’
he’b.’,
_____ Vol. 134. P. 193 , (1928).___________ ___________
pure crystals grown from meIt ranged fifty percent
higher than that of natural halite.
Possibly the most important work since then
has been by Birch and Clark^-0 (1940) who plotted
(10)

TircH, Franc is , '& 'Clark", 'Ilarry, The "Thermal ’
Conductivity of Rocks and Its Dependence upon
Temperature and Composition, American Journal
of Science, Vol. 38, pp. $29-558, & 6 1 3 -6 3 $,
(1 9 4 0 ) .________________________________________

k
curves for a series of temperatures for many min
erals including halite.

Their results are seemingly

the most reliable as th© work was very exacting and
thorough.

For example, to insure good thermal con

tact they went so far- as to have th© specimen lapped.
They show a curve, reproduced here as Figure 1,
which indicates th© variation of the conductivity
with the temperature and the mechanism of this vari
ation.

For low temperatures th© size of th© sample

will influence the conductivity^1 and for higher
(i 1 J 'ZwTHcev T^OTZ Phy s i c a F T i ’oper ties of Solid" "Mat©________rials Interscience Pub. Inc. H. Y. (195>U)«
temperatures anharmonic coupling will decrease the
conductivity.

More recently some work by Clarke and

Kings ton 3*2, 1 3 was of interest as they used a galva-

TT21

TTarx©Vn“T~Trr & 'Kingston', ~Wl s i s.fTT~'thermal
Conductivity of Diffusivity of Insulating
Materials, Australian Journal of Applied Science,
pp. I 7 2 -I8 7 , Yol. 1, June (1950).

(13)

Clark®, L* N . & Kingston, R. St T. , Thermal
Conductivity and Diffusivity of Insulating
Materials, Australian Journal of Applied. Science,
______ Vol. 2 , pp, 2 3 5 -214-2 , June (1951)*
nometer amplifier circuit that could well be incor
porated into the present apparatus in order to read
the differences in temperature.

Their work seems

to be satisfactory for the wood samples for which
they found values but it does not appear to be as
meticulous as th© wo rk by Birch and Clark.

thermal conductivity
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PLOT OF VARIATION OF THERMALCONDUCTIVITY WITH THE TEMPERATURE

Figure 1
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DISCUSSION
The Heating Unit
The central part of the apparatus,

shown in

Figure 2, is enclosed in an evacuated chamber.

The heated source creates the necessary temperature
difference that is to be measured.

The radiation

shield that is placed around the source is kept at
the same temperature by a thyratron to Insure that
the heat flow from the source will be only downward.
The guard ring also prevents heat from flowing radi
ally from the sample since the temperature gradient
in it must be nearly the same as that in the sample.
The heating coils of the source are imbedded in a
small cylinder of copper and since there are radi
ation shields on the top and all ©ides the only di
rection the heat can flow is essentially through the
crystal either by conduction or by radiation.

The

temperatures in the apparatus are measured by ChroxaelA l u a d thermocouples.

A switching arrangement per

mits the reading of the source, sink, and shield
temperature - SMFa.

The other part of the apparatus

is electric and electronic equipment as shown in
Figures 3 and 4 .
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CROSS

SECTION OF CONDUCTIVITY APPARATUS
Figure 2

8

Figure 3

9

CONTROL CIRCUIT OF THYRATRON A AND THIS READING GALVANOMETER

K1

Figure 4
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The Control Gircuit
The control circuit is the same as in S t r o n g ^
TOT

Strong, T7~t et al, '^-■'■rocedure's' in Ixperinienta 1
Physics H. Y. , Prentice— Hall Inc., p. 44 .8 ,
((1948) .__________________________________________

except for the changes incorporated by Weisbrod1 ^,
TlD

~ eisbrod, op. clt. , p. 2.

The circuit to be explained is shown in Figure 3
and. it is used to control the sink temperature.
Thus when the sink is at the correct temperature
as set on the potentiometer no current flows through
the galvanometer.

‘"hen a change occurs in the tem

perature , due to cooling or a change in the shunt
resistor current caused by a frequency shift (ex
plained elsewhere), the galvanometer deflects and
the amount of the wedge shaped light that shines
on the photocell changes.

This causes a change in

the resistance of the photocell and the vertical
control discussed below comes Into play.

Therefore

as can be seen the tube fires for a greater length
of time and hence with a greater average current.
It is evident that for full heat si and s2 both
have to be in the "on” position.

This sends the

current through the shunt resistor as usual but a
large amount of the total current by-passes the
thyratron and travels directly through the heater

11

windings.

Of course to place the tube in control

s2 has to be in the "off” position.
The only differences between this circuit and
the source temperature control circuit are in the
temperature measuring circuit, in which the hot
and cold junctions’ IMF oppose each other through
Sw 2 as shown In Figure
Let it be pointed out that the next, experimenter
should try to incorporate a push~pull circuit in
order to make use of both cycles of the alternating
current as tills would Increase even more the rang©
of control of the thermocouples.
On first operating these control circuits it
was noticed that they Interacted.

That is to say,

the amount of firing of one thyratron influenced
the firing of the other, and as the effect was small
it was thought that this contributed to the background
discussed below.

At that time the leads from the

photocells to th© thyratron© were at least ten feet
long and it was known that they were linked by a
capacitance effect.

Therefore shielded cable was

substituted for th© insulated wlr® in an attempt
to reduce this interaction but it turned o\it that
this caused excessive capacitance in each lead wire
which did not permit control of the firing of the
tubes at all#

Thus the chassis were moved to a

12

shelf In order to make the leads less than two feet
long. As the capacitances of the shielded lead still
proved to be too great it was found that 300 ohm
twisted twin lead reduced the interaction to a mini
mum.
Following this the difficulties in stopping
the oscillations of the two eirciiits and bringing
them under control increased*

At first this was

attributed to the fact that a different temperature
was being tried and the experimenter simply had
to find the correct setting of the shunt resistor
and all would be well*

This did seem to help but

the effect gradually increased until one thyratron
fired at times when no light was shining on the photo
cell.

Since the experimenter had just started op

erating the apparatus for many days at a time it
was supposed by Dr. G« 3k itele of the 3«S« Depart
ment that this effect was caused by the thyratrons
changing their characteristics due to age.

Since

a few weeks later both of these tubes burned out
it was decided that as the thyratrons age they vfill
tend to fire erratically.

It was also noted that

the life of the tube could be extended by passing
nearly all of the current through the shunt resistor
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Procedure
To start the apparatus, first the for© pump
was turned on for measurements at moderate tempera
tures*

Then if high temperatures were desired the

oil diffusion pump was put into operation after the
pressure was low enough.

Next, ice made of distilled

water was placed in the dewar flask with both cold
junctions in place.

After this the two batteries

for the control potentiometer and the reading poten
tiometer w©re connected.

Then galvanometer A was

placed Into operation, and the zero setting recorded.
The reading gsOL vanometej nG r !t and the potentiometer
were then standarized.

If the batteries were kept

well charged there was a large drift at first but
it decreased in time and eventually had a fluctua
tion rather than a drift.
The control potentiometer was set at th© desired
microvolt reading; and the resistance for galvanometer
A was turned to a maximum to prevent possible dam
age to it since it is extremely sensitive.

After

making sure that all four of the thyratron switches
were off, th® thyratron filaments were turned on.
When the thyratrona were on for more than twenty-five
seconds all four switches were thrown, which gave
full heat.

When th© galvanometers had almost reached

the zero point, one or the other5 of the thyratrons

was turned off' momentarily In order to match the
temperatures; then the switches s2 on each chassis
were turned iff.

This put the thyrsi rons in con

trol of the temperature.

Even if the thyratrons

oscillated, the average current was noted and the
shunt was adjusted so that with the galvanometers
on the zero point the shunt would carry almost
all of the current.

As soon as the thyratrons had

warmed for an hour or two, depending on their age,
th® galvanometers were zeroed ©gain, the zero point
of the photocells reset until © small but appreci
able amount of light shone on them and then the
capacitances were adjusted until both thyratrons
fired a small amount.

This

was

important, for if

it was not done there- would have been a discontin
uous change of the current as the apparatus reached
the desired heat, due to th© arrangement of the
phase shift control.

This would have made the ap

paratus oscillate.
Th© resistance for galvanometer B was set
to ©bout 1000 ohms, and as steady state was reached
it was decreased slowly to zero.

Then the resist

ance in series With galvano et®i A was slowly de
creased to between 1000 ohms and 25>00 ohms; other
wise th® galvanometer would have been too sensitive
and would have oscillated*

When BMF of the source
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thermocouple was the same as that of the sink thermo
couple, then steady state had .sen reached; after this
the source current was turned on again until steady
state was reached.
If after operating for a while the thyratrons
fired, or- did not fire, in a peculiar manner, the op
erator would have suspected that the thyratrons were
about to burn out.

When this happened, new thyratrons

were substituted and their behavior noted, as this
is the only way to check the tubes.
It was necessary to sot the shunt resistance very
carefully as too much resistance would overload the
thyratron and shorten its life or make it difficult
to stop oscillation and bring the circuits under con
trol.

but then too if the resistance were almost too

small a change in the line frequency might increase
the current to what is more than required for that
temperature, causing the circuits to lose control.
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Background
Bven though the thermocouples are apparently
arranged as to have the source and shield come to
the same temperature, it has been found that they
do not*

This effect was termed background, and

much of the experimentation has been an attempt
to eliminate background.

It was found that the

apparent random variation in the difference between
the two BBFs came from a number of things*
First there was a time fluctuation in the zero
points of the control galvanometers and in the two
thyratrons* characteristics.

As the photocells were

mounted rigidly on the wall the first effect was
overcome by placing the photocell on zero shift
sliders so that the true zero points could be set
as desired.

The changing of the thyratron*s char

acteristics with time can only be overcome by chang
ing the phase shift capacitance or by replacing
the tubes.
Secondly, there was the fact that the amount
of firing and the base current, the current through
the shunt resistance, (see Figure 3), were preset
for both controls.

Thus it was evident that the

total current flowing was constant when the galva
nometers were on zero but that this amount 01 cur
rent was not necessarily the amount required for
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the desired temperature.

Yet another fact was that

the line frequency varied, and this in turn changed
the output voltage of a constant voltage transformer,
and this affected the cut in-cut off phase shift
voltages on the grid of the thyratrons.

Thus the

current was changed by an "outside” influence.

GALVANOMETER AND THERMO CQUi 'LT2 CIRCUITS
In an attempt to eliminate some of the randomness
in the brsckground, the galvanometer circuits were
checked and it was found that galvanometer A was
rather insensitive.

Thus this galvanometer was r e 

moved and replaced by one that was ten to twenty
times more sensitive.

The reasoning was this; the

temperature-SMS’ difference of the two thermocouples
could be much greater for a given deflection in the
former galvanometer than for the latter more sensi
tive galvanometer and therefore the new galvanometer
had a much greater control of the temperature.

If

another more sensitive galvanometer had been avail
able the same change was thought advisable for galva
nometer B.

Connected with this is the existe ace of

unwanted thermal I M F ’s In the thermocouple’s circuit
due to dissimilar metals at various connecting points.
It was found that many of the terminal lugs had been
affixed with acid core solder on the connecting sur
face which is a notorious source of thermal B M F ’s.
Also the thyratron control circuits’ connections had
acid core solder used on them which had finally inter
rupted the functioning of one of them.

Stecdy State versus Dynamic
The argument in favor of the steady state method
as opposed to the dynamic method lies in the many
disadvantages which are apparent in the dynamic
method.

The first problems to overcome in this

method would b© in th© mechanical workings.
method is illustrated in Figure 5.

A simple

The slamming

of the heater against the soecimum when a current
flows In the Inductor is likely to produce various
unwanted results.

One of these would be the diffi

culty in the synchronization of th© instant of con
tact and the actual timing.

Also bouncing would

most likely take place which would make ’’the actual
instalit of contact” a fallacy.

Then too this method

could very easily dama # the sample, either by chip
ping or by setting up dislocations, or otherwise
damaging it internally.

In addition to this the

rise in the te per&ture at the conducting strip
would not be a d scontinuous rise but a slow rise
in tire temperature making the length of time vague
and uncertain.

The making of the contact could

not be slowed down too much as this would permit
the heat to reach the sample before the instant of
contact and would ma:ce the rise in the temperature
even more vague.
Good thermal contact would be almost impossible

£0

A DYNAMIC METHOD
Figure 5
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with this kinetic method yet It would be & necessity
otherwise the path of the heat through the sample
would not be perpendicular to its faces.

In other

words the actual path of the phonons would be longer
than the actual dimension since contact at points
would tend to have & diffraction effect on the phonons.
Other methods do not emoloy instant of contact
but either instant of turning the current on or a
semi-dynamic method employing traveling sine waves
of heat.
T?TT~ Angstrom, A. C. , Ann. ?hys«, Vol. llig, pi 5TJ7

__________ ( 1B 61 ) .

______________________________ __________________________

Both of these involve more complex measurements and
equloment, although it is not denied that one© op
erating, th© readings may be taken in less time.^ »1-'

/

(17)

Bee tty I o p . cit". , pi 2*

(i6>

Clerk© and jingston, op. cit. , p. 2.___________

Theory of the Thyratron
Reference has been made to the phase shift
control of the thyratron.

The understanding of

this principle can be aided by referring to Figure
6 where it oan be seen that the critical or firing
grid potential varies with the applied anode volt
age.

Therefore if at any time the grid potential

reaches this firing potential the tube will fire
until the anode potential becomes less than the
ionization potential at which time of course the
tube would quench.

Since this happens in the last

millisecond of the positive half-cycle it is not
shown on the diagrams.

Thus if the capacitor in

Figure 3 is 30 tuned to cause a 90 degree lag of
the grid potential the tube will fire during the
time T as shown in (0 ).

Again if the horizontal

control is tuned so that the grid potential leadd
by about 160 degrees as in (d) then the thyratron
will fire during most of the positive half-cycle.
Now if the grid potential lags by the amount shown
in (e) then the thyratron will fire only a small
amount during the latter part of the cycle.

This

arrangement will per it what is termed vertical
control which is effected in this case by shining
light on the photocell which in effect ohanges it
from an infinite resistance to a finite resistance

23

PHASE RELATIONSHIPS OF
A THYRATRON TUBS
Figure 6

2k

while the current is rising on the positive half
of the cycle.

Darin*

this tin© the capacitor will

be receiving a char e which will cause the grid to
have added to it a d.e. component which will cause
tne effect noted in Figure 6 (f).

It should be men

tioned of coura-.. that the amount of heat delivered
to the coils in the apparatus is proportional to
the length of time that the tube fires, 83 once the
tube starts firing the grid loses control and the
current is then a function of the anode potential.
The 'rid only regains control again after the nega
tive naif of the cycle. In this apparatus then
the horizontal control is preset and the vertical
control is the .o e r n i n g factor in delivering the
avcrr. e current to the neater coils.

Of course

since the current capacity of the thyratron is lim
ited, most of the current used in heating must be
snunted aroun=

the thyratron through a resistor.

Error
Several sources of error ha ;e been eliminated.
The first of these was the drift of the sin* temper
ature w ilch was eliminated simoly by replacing the
previous batteries with newer batteries that will
hold a charge.

This was followed by removing the

difficulty and the uncertainty in the reading of
the temperatures by replacing the former reading
galvanometer with a Leeds and Port r up Po. 2^00
galvanometer which increased the sensitivity to the
point where a one microvolt change In the BMP re
sulted in a one centimeter deflection.
In re consideration of th© heat losses through
the lead wires to the source it has been estimated
that these losses amount to less than Q.l'l5.
U d to 5>S0 degrees Kelvin the error due to back
ground has been r e c c e d to less than l.CK but above
this temperature the background becomes erratic and
larger in magnitude, having as great as error as
8^.

This mi? ht be due to imperfect thermocouple

installations.
Most of the other errors stand the same as
was the case w th Weisbrod.

For example the error

due to the reading of the diversions remains at
O.OllC a ;d the error due to thermal axpansion at
0.5# per 100 degree rise.
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As a voltmeter Is still being used, there is
an error of about 1.2$ in the wattage.
The operation of the apparatus at about 500
degrees Kelvin introduces an error of less than
1.0$ In the heat Input if the temperature of the
source and sink differ by 0.1 degree C.
The errors duo to poor thermal contact and
imperfections In the cr/stal vary for each sample
and are estimated at a maximum of 5$*

27
Results
Thus it is seen that this apparatus, with a
fa-w minor refinements, will apparently be usable
for measurement of the conductivity up to the melt
ing point of the sample.

The values of the thermal

conductivity range from 0.041 watts per cm. 9 0 at
382 degrees K to 25*7 watts per cm. ° C at 566 de
grees K as shown in Table 1 and in Figure 7 where
these values are compared with values found by pre
vious observers.

TABLE I
THERMAL CONDUCTIVITY OF SODIUM CHLORIDE

D a te

.R u n S o u r c e
nv
No.

Sink
mv

i IV

(-0S=-0r-r -Gy

.
°C

“C

, Amp. . V o l t s ,

K W a tts

cm.C

2

1

1 .9 2 1 3

1 .8 2 6 9

9 1 .1

2 .3

1 1 9 .0

0 .1 0 0

1 *1 1

0 .0 1 1 2

1955
J a n . 13

2

5 .8 0 5 7

5 .7 7 7 5

2 8 .2

0 .6 1 3

1 1 1 .8

0 .0 5 0

0 .6 8 5

0 .3 5 0 9

J a n . 11

3

5 .8 2 6 2

5 .8 0 1 6

2 1 .6

0 .6 3 5

1 1 1 .7

0 .0 5 0

0 .6 8 5

0 .0 3 7 5 3

J o n . 15

1

7 .1 9 7 0

7 .1 5 1 0

9 .0

0 .7 1 2

1 8 3 .5

0 .0 5 0

0 .6 8 5

0 .0 3 1 9 5

J a n .l o

5

9 .6 1 5

9 .5 9 7

18.0

0 .1 1 3

2 3 6 .5

0 .0 1 0

0 .1 7 8

0 .0 2 8 5

J a n . 18

6

11952

11.917

2 8 .3

0 .1 9 1

2 9 3 .3

0 .0 1 0

0 .1 7 3

0 .0 2 5 7

J a n . 20

7

1 1 .9 1 7

11917

2 9 .3

0 .1 9 7

2 9 3 .2

0 .0 1 0

0 .1 7 8

0 .0 3 # $

k■■■ .

k
-,
—,— -<— .—*--------—

--

TABLE I
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F e b . 27
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EXPERIMENTAL VALUES OF THE THERMAL CONDUCTIVITY
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CONCLUSION
Thus the elm of the experimenter has been reached,
the operating procedure has been worked on until it
is precise and workable in every instance.

An under

standing and partial elininntlon o f the background
has been accomplished.

The results of

eisbrod have

been duplicated and the temperature range extended
to a point where the final goal of reaching the melt
ing point appears possible.
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SUMMARY
Thus data has been obtained that apparently
show that the thermal conductivity does vary between
l/T and l / T S/as was predicted by theory.

The con

ductivity as found in the aeries of experiments has
on average deviation of 2# and therefore shows tliat
the absolute steady state method that has been em
ployed i8 consistent within itself.

Home of the

errors previously present in the apparatus have been
eliminated.

As this group of experiments was

all

run on a single crystal of sodium chloride it per
haps should be noted that a different sample, if
used, would shov; how perfect or imperfect these
samples are.
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